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Abstract
In spring 2016, a 310-foot-deep boring (named MA-FSW 750) was drilled by the U.S. Geological Survey near Nantucket Sound in East Falmouth, Massachusetts, to investigate the hydrogeology of the southern coast of western Cape Cod. Few borings that are drilled to bedrock exist in the area, and the study area was selected to fill a gap between comprehensive geologic datasets inland to the north and marine geophysical data from beneath Nantucket Sound to the south. A permanent monitoring well (MA-FSW 750-0100) was installed in the boring upon the completion of the drilling and core collection. Observations from sediment cores and surface and borehole geophysical measurements were used to delineate three zones relevant to understanding groundwater flow at the study location. Shallow sands and gravels (0-107 feet [ft] below land surface [bls] ) underlain by silt-rich fine and very fine sand (107-175 ft bls) form a zone of high permeability underlain by a zone of relatively lower permeability, referred to as the "shallow high-permeability" and "lowpermeability" zones, respectively. A sharp lithological contact separating the shallow high-permeability and low-permeability zones may affect vertical flow of groundwater. Fine to coarse sand with intervals of clay and silt from 175 to 300 ft represent a deep zone of relatively high permeability, referred to as the "deep high-permeability" zone. A compacted, nonsorted unit (identified as basal till) and the bedrock surface were encountered at 300 and 305 ft bls, respectively. Hydraulic conductivity estimates from nuclear magnetic resonance logs and sediment grain-size distribution analyses indicated that the shallow high-permeability zone contributes substantially to the capacity of the aquifer to transmit groundwater at the study location. Results from geophysical surveys indicate a gradual transition from fresh to saline groundwater in the interval from 105 to 160 ft. Freshwater at the study site is present in the saturated unconsolidated sediments only in the 75-ft interval between 30 ft (the water table) and 105 ft bls in the shallow high-permeability zone.
Sediments shallower than 175 ft closely resemble the downward fining post-Wisconsinan age deltaic and lacustrine deposits present in many parts of western Cape Cod; sediments deeper than 175 ft appear to be the product of earlier depositional processes more local to the southern coast of western Cape Cod. This study highlights how high-resolution observations of cored material coupled with a multitool geophysical approach can characterize a single boring to help better understand regional glacial history and hydrogeology.
Introduction
The unconfined aquifer of western Cape Cod is the sole source of drinking water for residents and an important source of freshwater for inland streams and ponds and coastal inlets (LeBlanc and others, 1986) . Many borings have been drilled to depths of more than 250 feet (ft) into the unconfined aquifer in inland areas of western Cape Cod as part of efforts to characterize and remediate groundwater contamination near Joint Base Cape Cod (JBCC; Masterson and others, 1997b; others, 2013, 2014) . However, data are sparse on the hydrogeologic structure of the aquifer near southern coastal groundwater-discharge areas, which are vulnerable to problems such as eutrophication of embayments (Howes and others, 2005) and sea-level rise (Walter and others, 2016) .
In spring 2016, the U.S. Geological Survey (USGS) drilled a 310-foot-deep boring named MA-FSW 750 (location referred to in this report as "site F750"; fig. 1 ) near Nantucket Sound on the coastal peninsula of Davis Neck in East Falmouth, Massachusetts, to provide additional information on the hydrogeology of the southern coast of western Cape Cod, where few deep borings exist. Prior to drilling, passive seismic and transient electromagnetic (TEM) geophysical surveys were made to estimate the depths to the freshwater/ saltwater interface and the top of consolidated bedrock. A permanent 4-inch (in.)-diameter polyvinyl chloride (PVC) well named MA-FSW 750-0100 (F750-0100) was installed in the borehole. Sediment cores collected during well installation provided the opportunity to identify lithostratigraphic characteristics such as sediment structure, grain-size distribution, and hydraulic conductivity and to confirm the hydrogeologic features identified with surface geophysical methods. In addition, the permanent well F750-0100 provided access for borehole geophysical surveys by borehole electromagnetic induction (EMI), gamma, and nuclear magnetic resonance (NMR) methods. The borehole logs provided high-resolution, depth-specific measurements to compare with results from the surface geophysical surveys, to supplement the lithostratigraphic logs, and to improve understanding of the hydrogeology in the study area. This report presents lithostratigraphic, geophysical, and hydrogeologic observations from the drilling and logging of well F750-0100. These observations provide new information about the fresh groundwater system near the coast. The report also establishes a baseline for future geophysical studies at site F750 by presenting results from established geophysical techniques alongside observations of cored material. Observations at site F750 are compared with results from existing conceptual models of the area's hydrogeology and glacial history to better understand the regional depositional history and hydrogeology of this area. This report is supported by two companion data releases: one is for lithostratigraphic and hydraulic data (Hull and Stone, 2019) ; and the other is for geophysical data (Johnson and others, 2019) .
Geographic Setting
Site F750 was drilled on the northern part of Davis Neck in East Falmouth on Cape Cod. Davis Neck is a peninsula that is about 2 miles (mi) long and 0.6 mi wide. The northto-south-oriented peninsula is bordered ( fig. 1 ) by saltwater embayments to the west (Green Pond) and east (Bournes Pond). The ecological health of both embayments is affected by eutrophication because they receive regional and local groundwater discharge that contains nitrate from septic-system disposal of domestic wastewater (Howes and others, 2005) .
Many borings to bedrock on western Cape Cod were drilled during groundwater remediation and monitoring efforts at JBCC; however, site F750 ( fig. 1) is one of the few borings drilled to bedrock on the peninsulas of eastern Falmouth (Walter and others, 2019) . The site was selected to fill the gap between comprehensive geologic datasets near JBCC to the north and marine geophysical data from beneath Nantucket Sound to the south.
Hydrogeologic Framework and Glacial History
In the shallow, unconfined aquifer of western Cape Cod, groundwater flows from inland recharge areas to discharge areas along the coast. The aquifer is composed of unconsolidated glacial deposits ( fig. 2 ) that are the product of complex interactions between glacial erosion, ice-marginal deposition, and more recent geological processes (Mather and others, 1942; Oldale, 1982; Oldale and Barlow, 1986; Masterson and others, 1997a, b) . Most of the sediments underlying the surface of Cape Cod are coarse-grained sand and gravel glacial outwash deposited in outwash plains during the retreat of the late Wisconsinan ice sheet 21,000 to 19,000 years ago. The outwash plains of western Cape Cod are glaciofluvial topset beds of large proglacial lake deltas that are underlain by sandy delta foreset beds, fine-grained delta bottomset beds, and lacustrine deposits (Masterson and others, 1997b; Walter and Whealan, 2005) .
The most extensive glacial deltaic deposit of western Cape Cod is the Mashpee pitted plain, a delta that originated from the interlobate area between the Buzzards Bay and Sandwich moraines and was deposited into a proglacial lake that extended into the area of Nantucket Sound (Masterson and others, 1997b) . The Mashpee pitted plain is a fining downward stratigraphic sequence with three main facies-topset, foreset, and bottomset bed deposits ( fig. 2B ; Koteff and Pessl, 1981; Masterson and others, 1997b; Walter and Whealan, 2005; Stone and others, 2015) . Topset bed sediments in the Mashpee pitted plain are characterized by coarse sand and cobble-boulder gravel at the northern head of the deposit, fining to coarse pebbly sand to the south. The topset sediments were deposited by meltwater streams in high-energy braidedstream environments above the lake surface. Delta foreset and bottomset bed sediments were deposited in the lake. Foreset deposits, which grade from gravelly sand at the north end to fine to coarse sand at the south, were deposited in moderateenergy nearshore environments. Delta bottomset beds, which range from silty, very fine sand to fine sand, were deposited in low-energy offshore prodelta environments 50 to 100 ft below the historical lake water surface. Underlying bottomset beds are finer-grained, silt-rich lacustrine deposits, laid down in lake-bottom plains at depths of 100 to 300 ft below the lake surface. An unconformity at the water level of the historical glacial lake separates the bottom of the delta topset beds from the top of eroded foreset beds. Contacts between delta foreset and bottomset facies are generally gradational. Silty, compacted late-Wisconsinan basal till underlies the deltaic and lacustrine deposits; the till rests on top of eroded, fresh crystalline basement rock ( fig. 2 ; Masterson and others, 1997a) .
The deposits associated with the Mashpee pitted plain generally fine downward, and therefore the water-transmitting properties of these deposits generally decrease with depth; in Cape Cod glacial sediments, the water-transmitting properties are determined by grain size and sorting. Previous investigations have linked hydraulic conductivity to the types of glacial sediment that exist on Cape Cod, as determined by aquifer tests (Masterson and others, 1997a, b; Walter and Whealan, 2005) . For example, the hydraulic conductivity of coarse sand and gravel in topset deposits ranges from 200 to 350 feet per day (ft/d). The hydraulic conductivity of fine to medium sand typical of foreset deposits ranges from 70 to 200 ft/d and that of very fine sand and silt typical of bottomset deposits ranges from 30 to 70 ft/d. Silt-and clay-rich 
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Modified from Masterson and others (1997b, fig .5B) and Baldwin and others (2016, figs.12 Geologic map (A) adapted from Masterson and others (1997b, fig. 1 ).-Continued lake-bottom deposits have hydraulic conductivities that range from 10 to 30 ft/d (Walter and Whealan, 2005) . The sandy topset and foreset beds have ratios of horizontal to vertical hydraulic conductivity less than (<) 10:1, whereas the silt-and clay-rich bottomset beds and lacustrine deposits have ratios of up to 100:1 (Moench and others, 2001) . The relatively high anisotropy of the fine-grained deposits is related to the influence of low-conductivity clay layers, which impede vertical flow (Masterson and others, 1997a) . The hydraulic properties of the stratigraphic units of the Mashpee pitted plain delta can be visualized as layers of high and low permeability ( fig. 2B ). The gravel and sand deposits that compose the topset and foreset beds form a zone of relatively high permeability for infiltration and groundwater flow. Much of this high-permeability zone lies in the unsaturated zone, which can be more than 100 ft thick in the center of western Cape Cod. The silt-and clay-rich deposits that characterize bottomset beds and lacustrine deposits compose a zone of relatively low permeability for groundwater flow.
Previous investigations have demonstrated that some geologic features of the southern coastal region near Davis Neck are not deltaic or glaciolacustrine in origin (Oldale and Barlow, 1986; Stone and DeGiacomo-Cohen, 2009 ). Ice-contact deposits that predate Mashpee pitted plain deposits ( fig. 2 ) are present at locations west (for example, the Falmouth Heights ice-contact deposits) and east (for example, the Great Neck and Nantucket Sound ice-contact deposits) of the pitted plain outwash (Masterson and others, 1997a; Stone and DiGiacomoCohen, 2009; Walter and others, 2016) . These coarse-grained sediments were deposited in high-energy, ice-marginal environments, and their lithologic and hydraulic properties most closely resemble those of topset bed deposits (Walter and Whealan, 2005) . Pre-Wisconsinan age sediment underlying deep tunnel channels in Nantucket Sound have been identified by seismic refraction (O'Hara and Oldale, 1987) and direct (borehole) observation (Uchupi and Mulligan, 2006) . Considered by some to be Cretaceous coastal plain or Illinoian age drift beneath Wisconsinan outwash sediments, these deposits could extend under southern Cape Cod (Mulligan and Uchupi, 2004; Uchupi and Mulligan, 2006) and possibly affect groundwater flow near the coast.
Although the aquifer upgradient of coastal areas on western Cape Cod contains fresh groundwater to bedrock (LeBlanc and others, 1986) , in coastal areas, a wedge of deep saline water commonly extends inland beneath the shallow fresh groundwater. The shape, position, and thickness of the transition from fresh to saline groundwater is affected by many factors, including the geometry of the coastline, the presence of streams, aquifer heterogeneity, and the magnitude of fresh groundwater flow (Bear, 1972; Cheng and Ouzar, 1999) . The position, shape, and thickness of the transition zone is poorly understood in the study area (Walter and others, 2016) . A regional groundwater modeling study by Walter and others (2016) simulating the effects of sea-level rise on the freshwater/saltwater interface indicated that freshwater could be present to bedrock at the study area. In their investigation, which was not focused on southeastern Falmouth, Walter and others (2016) also showed that the freshwater/saltwater interface dipped steeply upward near the site, and borings drilled on nearby peninsulas showed relatively shallow saline groundwater partway between the landward and seaward ends of the necks.
On western Cape Cod, the bedrock surface ranges in altitude from about 75 ft below the National Geodetic Vertical Datum of 1929 (NGVD 29; referred to as sea level in this report), to nearly 500 ft below sea level. The bedrock surface dips downward from northwest to southeast (Oldale and Barlow, 1986; Masterson and others, 1997a; Fairchild and others, 2013) . Prior to drilling the boring, the bedrock altitude at site F750 was estimated from a map of the bedrock topography beneath western Cape Cod (Fairchild and others, 2013) to be about 250 to 275 ft below sea level (280 to 305 ft below land surface).
Methods of Well Construction, Data Collection, and Analysis
Various methods were used to drill the boring, collect the sediment cores, install the permanent well, analyze the sediment cores, and conduct geophysical surveys and measurements. These methods are summarized in the following sections.
Drilling, Core Collection, and Well Installation
A Boart Longyear truck-mounted LS-600 rotosonic drilling rig, operated by Cascade Drilling LLC, was used to drill the boring at site F750 and collect continuous core samples to a depth of 310 ft (vertical locations in this report are given in feet below land surface unless otherwise noted). In the rotosonic drilling method, the drill bit rotates and vibrates at a high frequency (typically greater than [>] 100 Hertz [Hz]), causing sediments outside the casing to fluidize as the core barrel advances. A protective casing larger in diameter (6-in.) than the core barrel is then advanced around the core barrel, and the core barrel is removed to retrieve the core sample (Boart Longyear, 2011) . Freshwater supplied by the Falmouth Water Department was used as a drilling fluid to advance the drill string. Bentonite and drilling mud were not used so as not to compromise future geophysical investigations with increased electrical conductivity, decreased fluid saturation, or decreased hydraulic conductivity.
After the boring was drilled to bedrock, 4-in.-diameter PVC well casing was installed to the full depth of the boring. The casing was screened only from 27 to 100 ft. The blank (unscreened) casing below the screened interval was used to prevent saline water present at depth (see discussion below) from entering the well. After the PVC casing was set in place, the protective casing was removed. The annulus between the PVC casing and native aquifer materials was allowed to fill by natural collapse of the aquifer material. Clean sand was used to fill the annulus from the water table to near land surface, and the well was capped with a steel roadbox secured in a small concrete pad. Drilling, core collection, and well installation began on March 21, 2016, and concluded on March 23, 2016. The depth to water measured in the adjacent well MA-FSW 750-0048 is about 28 ft below land surface, which is an altitude of approximately 2 ft above sea level (table 1) .
Rotosonic drilling was used to collect sediment cores and install well F750-0100 in part because sonic drilling provides a continuous and relatively undisturbed core sample of higher quality and accuracy than conventional overburden drilling methods such as rotary and auger drilling (Boart Longyear, 2011) . Sediment cores 4 in. in diameter were collected in 10-ft lengths in advance of the drill casing. Once brought to the surface, the contents of the 10-ft-long core barrel were extracted into two 5-ft-long, 5.5-in.-diameter flexible plastic bags. Bags were carefully laid out and transported in open plastic rain gutters to minimize disturbance during handling and storage. Cores with mostly sand became disaggregated during unloading. Cores with silt and clay remained aggregated but were locally stretched or bent during drilling and recovery. Core recovery ranged from <40 percent to nearly 100 percent of the 10-ft-long cored intervals, with an average recovery of 75 percent (Hull and Stone, 2019) . Core samples were processed offsite several weeks after drilling was completed. Well casing total depth, in feet 310
Borehole diameter, in inches 6
Well screen and casing diameter, in inches 4
Well screen slot size, in inches 0.010
Depth to top of screened interval, in feet 27.5
Depth to bottom of screened interval, in feet 100
Depth to water, in feet 28* * Water level measured at adjacent well MA-FSW 750-0048 on June 16, 2015.
To determine where to set the screened interval of the well, pore-water salinity was tracked during the drilling. Following the collection of each core, deionized water and approximately 100-200 cubic centimeters of sediment were mixed together and allowed to sit for several minutes. Specific conductance measurements made on the slurry started increasing at approximately 100 ft, indicating the probable top of the transition zone between freshwater and saltwater.
Core Examination and Sediment Analysis
During core processing, cores were scraped down to a flat surface and then photographed. Digital photographs were taken of 8-in.-long sections of core in a lightbox that evenly distributed indirect fluorescent lighting onto the core. The digital images were assembled to create a photo log shown in detail in Hull and Stone (2019) .
Cored material was examined visually to create a lithostratigraphic log of sediment characteristics, including mode and maximum grain-size classified by the phi scale (Wentworth, 1922) ; the presence of structural features such as beds (>0.4 in. thick) and laminations (<0.4 in. thick); and sediment color according to Munsell soil standards (Munsell Color, 2010) . Grain-size observations in this report are discussed in terms of mode (most commonly observed grain size) and are reported to a precision of 0.5 on the phi scale. Estimates of sediment texture characteristics, such as roundness, sphericity (Wadell, 1932, fig. 2 ), and sorting (Tucker, 2011) , and feel assessments of clay and silt content (Thien, 1979) were made for 81 selected sediment samples.
Quantitative assays of grain-size distribution were conducted on 26 samples of cored material, with each sample representing composites of intervals that appeared to be homogenous. Grain-size analyses were conducted by the USGS Sediment Laboratory in Louisville, Kentucky. The gravel and sand fractions were determined by dry sieving. Silt and clay fractions were determined for samples that appeared to have fine-grained material by using the visual-accumulation-tube and pipette methods (Shreve and Downs, 2005) .
The hydraulic conductivity of grain-size samples was estimated using 15 empirically and semi-empirically derived equations included in the HydrogeoSieveXL software (Devlin, 2015) . Software defaults for several parameters were used to estimate hydraulic conductivity for the sake of consistency. A software default of 20 degrees Celsius (°C) was used although groundwater temperatures on Cape Cod are closer to 10 °C. For equations that estimate hydraulic conductivity incorporating temperature-dependent variables such as viscosity and density, the use of the higher temperature inflates estimates of hydraulic conductivity. However, the error introduced does not alter the conclusions of this report. Many empirical and semi-empirical equations are designed for specific sediment types, such as uniformly graded sands (Devlin, 2015) . Although every grain-size sample from site F750 met the application criteria of at least one of the 15 equations available in HydrogeoSieveXL, no single equation could be applied to all 26 samples. For this reason, hydraulic conductivity results are reported here as the median result from all 15 equations (Hull and Stone, 2019) . Additional limitations of the grain-size method for estimating hydraulic conductivity are discussed in the "Borehole Nuclear Magnetic Resonance" results section in this report. The equations are discussed in greater detail in Vukovic and Soro (1992) and Devlin (2015) and are listed in Hull and Stone (2019) .
Geophysical Methods
Geophysical data were collected by using passive seismic and transient electromagnetics surface methods and the electromagnetic induction, natural gamma, and nuclear magnetic resonance borehole methods. The resulting geophysical data, along with a summary of the data collection and processing methods, are available in Johnson and others (2019) .
Surface Horizontal-to-Vertical Spectral Ratio Seismics
A passive seismic technique was used to estimate the depth to bedrock. The horizontal-to-vertical spectral ratio (HVSR) seismic method uses a three-component seismometer to measure the vertical and horizontal components of ambient seismic noise. Seismic noise in the range of about 0.1 to 1 Hz is caused by ocean waves, large regional storms, and tectonic sources. A resonance frequency is induced in the unconsolidated units when there is a substantial contrast (>2:1) in shear-wave acoustic impedance between the overburden and the bedrock. The resonance frequency is determined from the analysis of the spectral ratio of the horizontal and vertical components of the seismic data. The thickness of the overburden can be related to the resonance frequency. In general, lower resonance frequency relates to thicker sediments, and higher resonance frequency relates to relatively thinner overburden (Lane and others, 2008) .
The HVSR survey data were collected on August 23, 2015. The seismometer was set in the grass on the baseball field at East Falmouth Elementary School approximately 100 ft north of site F750. Data were collected for 20 minutes. The seismic data were processed and analyzed to compute the average spectrums of the two horizontal components and the vertical component, from which the ratio of the horizontal to vertical amplitude spectrums was computed. The plotted horizontal and vertical amplitude spectra were examined to determine the resonance peak and resonance frequency. The methods for collecting and processing the data are briefly described in Johnson and others (2019) .
Surface Transient Electromagnetics
A transient electromagnetic (TEM) method was used to characterize the lithology and salinity of the subsurface. TEM induction surveys provide resistivity soundings of the subsurface, which can be related to lithostratigraphy and hydrogeology. Electrical current is cycled through a wire in a transmitter loop, which in turn produces a static magnetic field. When the current is abruptly terminated, an instantaneous current is induced in the subsurface, and it moves downward and outward as the induced current decays with time. The decay is controlled by the resistivity of the subsurface materials. One or more receivers at the center of the transmitter loop measure the change in the secondary magnetic field as a function of time (dB/dt). Decaying voltage measurements at the receiver are converted to apparent resistivity, which can be inverted to recover the depth-dependent resistivity structure of the subsurface.
On June 5, 2015, TEM data were acquired on the baseball field at East Falmouth Elementary School 100 ft from site F750. Data were collected using an ABEM WalkTEM unit (acquisition software version 1.1.0.112). The technical aspects of the TEM survey are in Johnson and others (2019) . The TEM data were processed with ViewTEM version 2.0.2 to generate an average time-series decay curve with the removal of noisy data points. The TEM decay data were inverted without constraint by using both smooth model and layered model approaches to generate resistivity models of the subsurface. These resistivity models can be related to the stratigraphy. The smooth model, which had 20 layers, was effective for identifying the transition from freshwater to saltwater. The layered model, which had five layers, was effective in identifying the contacts associated with the hydrostratigraphic layers, such as the top of the saline zone or the depth to bedrock. The data in Johnson and others (2019) include the raw and processed TEM data and inverted soundings showing resistivity with depth at the survey site.
Borehole Electromagnetic Induction
A borehole electromagnetic induction (EMI) log was collected on April 5, 2016, to identify changes in lithology and water salinity with depth. EMI logs provide a measurement of the bulk electrical conductivity of the formation and fluids surrounding the borehole (Williams and others, 1993) . EMI logs were collected using a logging rate of 10 to 15 feet per minute (ft/min) with a Century Geophysical Corporation 9510 tool. Measurements of electrical conductivity were reported in millisiemens per meter (mS/m) with a vertical resolution of about 2 ft. The tool is most sensitive to geologic materials about 1 to 1.5 ft from the tool. However, the measurement is also affected to a lesser extent by materials outside of this zone within 5 ft of the tool in all directions. Thus, the full-tool response requires a measurement centered in a unit that is at least 10 ft thick. The measurement is relatively insensitive to the electrical conductivity of the fluids in the borehole for diameters <8 in. and is therefore effective at measuring the electrical conductivity of the formation and the fluids within the formation. The EMI tool was calibrated before logging, and the calibration was checked at the end of logging.
The data collection and tool calibration are summarized in Johnson and others (2019) .
Changes in bulk electrical conductivity are caused by variations in porosity, concentration of dissolved solids of the water in the formation, and metallic mineral content. The EMI log is used to delineate the combined changes in the lithology and the salinity of the water in the formation. In general, clayrich sediments have higher conductivity than sand and gravel. In well F750-0100, the high EMI conductivity is related to units that contain saline water and more fine sand to clay than coarse sand, whereas units with low EMI conductivity are related to deposits that contain freshwater and coarse sand, which has a lower electrical conductivity than fine sand and clay.
Borehole Natural Gamma Radiation
A borehole natural gamma log was collected on April 5, 2016, in well F750-0100 and used to identify changes in lithostratigraphy and provide verification of the depths to features indicated in the lithostratigraphic logs. Gamma logs can be effective for correcting lithostratigraphic logs for zones with <100-percent recovery in the core samples. Gamma logging measures the naturally occurring gamma radiation of the formation surrounding the borehole. In general, clay emits more gamma radiation than sand and gravel because the weathering byproducts of minerals (potassium feldspar, mica, monazite, and allanite) tend to concentrate potassium, uranium, and thorium by ion absorption and exchange in the clay structures. The vertical resolution of the gamma probe is 1 to 2 ft, and it can sense radiation through PVC and steel casing (Keys, 1990) . The natural gamma emissions were measured in counts per second, and the borehole was logged at 10 to 15 ft/min by using a Century Geophysical Corporation multiparameter 8144C probe. The gamma tool is most effective in identifying the contacts between coarse and fine materials. The contacts between units are placed at one half of the amplitude shift of the gamma tool response across the contact.
Borehole Nuclear Magnetic Resonance
A pulsed nuclear magnetic resonance (NMR) borehole tool was used on July 25-26, 2016, to characterize the aquifer surrounding well F750-0100 by using a Javelin JP-238 tool manufactured by Vista Clara, Inc. (Walsh and others, 2013) . The NMR tool, which has a diameter of 2.38 in., fit into the 4-in.-diameter well and measured the water content behind the PVC casing and slotted screen at a radial distance of about 5.5 to 6.0 in. from the center of the tool. The tool does not use any nuclear sources but instead uses static magnets and radio frequency fields to cause the resonance of hydrogen protons in the water. The NMR method does not require direct contact with the formation. Instead, the tool causes magnetic resonance in the zone surrounding the borehole and measures the resonance in a thin shell (0.08 in. thick) focused at a radial distance targeted to be beyond the zone disturbed by drilling. Dual-frequency measurements were made at center frequencies of approximately 290 and 245 kilohertz, which control the radial focusing of the signal. The vertical resolution of the measurement was 1.6 ft. A total of 182 stationary measurements were made at 1.6-ft intervals from the bottom of the well up to the land surface. The data collection and processing methods are briefly listed in Johnson and others (2019) .
At each measurement depth, the water molecules align with the static magnets in the tool. A radio frequency field is used to perturb the magnetic field and cause the protons to be tipped into the transverse plane normal to the background field. Following the imposed perturbation, the tool measures the strength of the magnetic field that is produced as protons in the water molecules precess to the background magnetic field (imposed by the magnets). The signal strength decreases exponentially with time in what is called the "T 2 decay." The initial magnetic field strength in the T 2 decay is directly proportional to the amount of water in the measurement zone. The timing or rate of the T 2 decay indicates the pore size distribution, with fast T 2 decays related to small pore sizes, and long decay times related to large pore sizes. The echo spacing was 1.5 milliseconds (ms), and two relaxation times (Tr) were used: a full Tr of 5 seconds and burst-mode Tr of 0.8 second. The measurements were stacked 16 times for the full Tr and 96 times for the burst-mode Tr. The duration of the stationary measurements was approximately 3 minutes per measurement or approximately 33 feet per hour.
The NMR data were processed using the manufacturer's software (VC_Javelin_Processor version 3.4.3). In postprocessing, the full-and burst-mode measurements were combined for each 1.6-ft depth increment. Each frequency was processed separately and then combined after processing. An impulse noise filter was used to despike the noise in the T 2 -decay data. The data were also adjusted by removing the ambient noise collected with an external reference coil measured concurrently with the subsurface measurement. In addition, results from each frequency were combined, and the resultant T 2 decay was fit with a multiexponential decay curve that was inverted to produce a pore-size distribution model. For each depth, the pore-size distribution was shown as a fraction of the total water content.
For each depth interval, the total-, mobile-, and immobile-water fractions were determined by using empirically derived cutoff values of T 2 relaxation times (Straley and others, 1997) . The total water content includes the mobile and immobile fractions of water. The mobile fraction, which is the fraction that decays after the 33 ms cutoff, represents the effective porosity. The immobile fraction, which includes the clay and capillary fractions that decay before the 33 ms cutoff, represents bound water. The clay-fraction cutoff was set at a relaxation time of 3 ms. The output from the interpretation program included comma-separated data files for the T 2 decay and the water content (total-, mobile-, and immobile-water fractions), which were imported into the composite plots of well logs for direct comparison with the gamma, EMI, and lithostratigraphic logs.
Estimates of hydraulic conductivity were made using NMR data and two unit-dependent equations: the Schlumberger-Doll research (SDR) equation (Kenyon and others, 1988) and the sum of echoes (SOE) equation (Allen and others, 2000) . The SDR equation uses the measured values of total porosity (ϕ) and the mean log T 2 (MLT 2 ), as follows:
where K sdr is the SDR hydraulic conductivity in meters per day (m/d), C is an empirically derived constant that was set to the default parameter of 8,900, m is an empirically derived constant that is generally about 1 for unconsolidated sands (Behroozmand and others, 2014) , and n is an empirically derived constant fixed at 2 (Grunewald and others, 2013). The SOE equation uses the summed amplitudes of the echoes in the T 2 decay for each depth interval to compute the SOE hydraulic conductivity (K soe ), as follows:
where K soe is the SOE hydraulic conductivity in meters per day (m/d), C is an empirically derived constant set to 4,200, and SE is the measured sum of echoes (Grunewald and others, 2013) . The results for K sdr and K soe were then converted to feet per day.
Lithostratigraphic Characterization of the Study Area
The sediment cores obtained from the deep boring provided detailed information about the lithostratigraphy near the southern coast of western Cape Cod. The cored material extracted from the boring at site F750 is described in this section of the report, and the observations are compared with the unconsolidated sediments observed elsewhere within Mashpee pitted plain deposits on western Cape Cod. This section also includes a discussion of the relationship of the deposits observed at site F750 to the depositional history of the southern coast of western Cape Cod. All interpretations in this section are limited by the paucity of nearby lithological data.
Lithostratigraphic Units From Direct Observation
The 310 ft of cored material collected at site F750 is divided into 12 lithostratigraphic units ( fig. 3; table 2 ). Each unit represents a thickness of generally similar sediment with distinct lithostratigraphic properties, such as sediment texture, color, and bedding structure. The graphical representation of the horizontal width of the unit patterns ( fig. 3D ) is scaled by the most commonly occurring grain size in units of the Wentworth (1922) phi scale. The unit designations help locate the lithostratigraphic observations in conceptual models of the regional hydrogeology and glacial history described in greater detail later in the report. The lithostratigraphy can generally be characterized as a fining downward sequence to 175 ft, below which sediment generally coarsens downward to 300 ft. A nonsorted, silt-and clay-rich layer extends from 300 to 305 ft. The bedrock surface was encountered at 305 ft. Depth values in the following sections were rounded to the nearest whole number for convenience.
• Unit 1 (0-37 ft) and Unit 2 (37-107 ft)-Well-sorted, coarse to very coarse sand with scattered and bedded pebbles and gravels grades to medium to coarse sand. Silt is present in only trace amounts in both units, except in scattered thin (<2 in.) beds. Large (>0.4-in.-diameter) pebbles are common in Unit 1, in places forming beds 4 to 8 in. thick, but they are scattered and less common in Unit 2.
• Units 3 to 7 (107-175 ft)-Finely laminated silt-rich very fine sand and fine sand that contain several prominent clay-rich layers. At 107 ft, a nonsorted silt-and clay-rich layer (Unit 3) marks an abrupt lithologic contact between the overlying medium to coarse sand of Unit 2 and the silty very fine sand of Unit 4 (108-147 ft). Within Unit 4, thin (<0.4 in.) interlaminations of silty very fine sand and fine sand are common; interlaminations are horizontal where disturbance from core extraction is minimal. Thin (0.4-4 in.) beds of silt and some clay are also common. A nonsorted silt-and clay-rich layer (Unit 5) from 147 to 148 ft is nearly identical to Unit 3. Unit 6 (148-165 ft) is similar to Unit 4, although the very fine sand contains less silt. The fining downward sequence from Unit 1 to Unit 7 concludes with a silt-rich layer that extends from 165 to 175 ft (Unit 7). Below Unit 7, the sediment gradually coarsens with depth.
• Unit 8 (175-254 ft)-Fine to coarse sand is punctuated by secondary units of very fine sand, silt, and clay.
Well-sorted sand is present in banded intervals 5 ft or greater in thickness and is interlayered with 1-to 3-ft-thick deposits of very fine sand, silt, and clay. The very fine sand, silt, and clay features recur cyclically perhaps 10 times ( fig. 4A) . Contacts between the fine and coarse materials are sharp. In general, this unit coarsens downward; the coarse features become 0  10  20  30  40  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230  240  250  260  270  280  300 vf, very fine; f, fine; m, medium; c, coarse; vc, very coarse; <, less than; cm, centimeter. [Hydraulic conductivity was estimated from grain-size distributions by using the HydrogeoSieveXL software (Devlin, 2015) . Phi values are log coarser and the fine features become less common with depth.
• Unit 9 (254-267 ft) and Unit 10 (267-300 ft)-Fine
and very fine sand with interbedded silt and clay layers (Unit 9) abruptly transitions to well-sorted coarse and very coarse sand (Unit 10). Unit 10 is similar in grain size and texture to Unit 1, although it contains fewer pebbles and gravels.
• Unit 11 (300-305 ft) and Unit 12 (>305 ft)-A compacted, nonsorted fine sand, silt, granular pebble, and trace clay layer directly above bedrock. Similar though not compacted silt-and clay-rich layers were encountered at 107 ft (Unit 3) and 147 ft (Unit 5). The bedrock (Unit 12) is a crystalline metaigneous rock that was unweathered where encountered at the bedrock surface.
Implications of Observed Lithostratigraphy for Depositional Models of Western Cape Cod
The unconsolidated sediments within the Mashpee pitted plain deposits on western Cape Cod generally fine downward, as described by the conceptual model of deltaic and lacustrine deposition presented in Masterson and others (1997a) . At site F750, the fining downward sequence in the shallow (<175 ft) deposits likely represents the topset, foreset, and bottomset beds characteristic of progradational deltaic deposition. However, the coarse deposits from 175 to 254 ft and 267 to 300 ft are not characteristic of the lacustrine sediments that have been reported beneath the deltaic deposits in some areas on western Cape Cod (Masterson and others, 1997b) . The complicated lithostratigraphy at depth is consistent with recent observations (Uchupi and Mulligan, 2006; Stone and DeGiacomo-Cohen, 2009 ) that point to a varied depositional history on the southern coast of western Cape Cod.
The sand and gravel of Unit 1 (table 2) represents the deltaic topset beds deposited by braided streams and are present elsewhere on western Cape Cod (Masterson and others, 1997a) . Unit 2 is identified as dipping deltaic foreset beds (table 2), although the dip of the beds was not preserved during collection and extraction of the cores. Gravel beds are common in Unit 1, whereas gravel deposits are isolated and uncommon (characteristic of lone dropstones 1 ) in Unit 2. The contact between the two units is distinct at the base of a fluvial bed, as proposed by the model of deltaic deposition for topset and foreset beds of Masterson and others (1997a) . The gradual decrease in mode grain-size with depth within and between Units 1 and 2 and the contrast in gravel content are also consistent with a deltaic depositional model.
The 56-ft-thick horizontally laminated, silty very fine sand of Units 4 and 6 and silt-and clay-rich sediments of Unit 7 represent irregularly layered bottomset beds and glaciolacustrine facies, respectively. Masterson and others (1997a) proposed that these sediments were deposited in an environment near the glacial lake bottom during a single lacustrine interval related to recession of the last ice margin. Units 3 and 5 are 1-ft-thick discrete, nonsorted silt-and clay-rich deposits that interrupt the laminated glaciolacustrine succession. These two units are similar in their texture to the unit identified as basal till (Unit 11) but are not compacted. These deposits have sharp bounding contacts and could represent temporal disconformities within the laminated succession. Because of their limited thickness, nonrepetitive occurrence, and lack of large disturbances or mixing with adjacent beds, Units 3 and 5 likely were derived from sloughing of mixed glacial debris (flow till, other sediments) from passing icebergs.
The 79-ft-thick fine to coarse sand of Unit 8 represents conditions near the bottom of the glacial lake where meltwater currents carried a sandy load. Approximately 10 periods of cyclically occurring sand are interrupted by thin beds of very fine sand, silt, and clay ( fig. 4 ) that represent perturbations of the flow that probably derived from ice slopes, ice channels, or tunnels among stagnant ice blocks that sat grounded on the basin floor nearby. Some of these thin beds may be a melange of mixed sediment that cascaded down a nearby ice-contact sediment slope (Uchupi and Mulligan, 2006) . The sandy units within Unit 8 coarsen with depth, suggesting increasing proximity with depth to a sediment source. A layer of interbedded very fine sand and silt (Unit 9) could be a local lacustrine deposit that accumulated in environments more protected than those that formed the beds of Unit 8.
Uniformly coarse to very coarse sand that is 33 ft thick (Unit 10) sits at the base of the meltwater sediment section. Similar sand in similar positions beneath bottomset and lacustrine deposits has been observed ( fig. 2 ) at borings east (CCC 1; Cambareri and Eichner, 1998) , northwest (95MW0104; Uchupi and Mulligan, 2006) , and south (MA-FSW 341; Masterson and others, 1997b) of site F750. A gamma log collected at MA-FSW 341 shows a continuous vertical interval of low gamma intensity at an altitude of 235 to 270 ft below sea level, similar to the gamma-log intensity at approximately 237 to 270 ft below sea level at Unit 10 at site F750.
The coarse sand deposits of Unit 10 ( fig. 3 ) may be related to late Wisconsinan ice-contact deposits ( fig. 2) that extend from the surface to the basin bottom in locations to the west (Falmouth Heights ice-contact deposits) and east (Great Neck and Nantucket Sound ice-contact deposits). These deposits have long been interpreted to be local, collapsed, icemarginal sediments related to the retreating edge of the Cape Cod Bay ice lobe (Oldale and Barlow, 1986) . Close inspection reveals that the Great Neck map unit contains multiple small ice-contact morphosequences, with local ice-channel features and with depositional slopes graded to the 10-ft surface of the adjacent Mashpee pitted plain. The ice-contact deposits of Nantucket Sound ( fig. 2) are the heads of small deltas in the same glacial lake. An alternative interpretation of these ice-contact deposits is that they represent the remnants of a continuous ridge that dammed a separate proglacial lake beneath the Mashpee pitted plain (Uchupi and Mulligan, 2006; Baldwin and others, 2016) . This interpretation, however, is not supported by observations at site F750. Surface expressions of a buried, massive ice-marginal ridge, perhaps 1 kilometer wide from north to south, do not exist on land or in the closest high resolution marine data along the coast. Large kettle holes are not present; no offshore moraines have been discovered (fig. 2C ). Similar coarse-grained material at the base of apparent glacial sequences under Nantucket Sound has been hypothesized to be Cretaceous coastal plain sediment or Illinoian drift (O'Hara and Oldale, 1987; Uchupi and Mulligan, 2006) . However, the presence of basal till beneath these coarsegrained deposits, as found in the boreholes on Cape Cod, would not seem to support the argument that these deposits are made up of Cretaceous coastal plain sediment ( fig. 2C ).
Units 8, 9, and 10 (175-300 ft) define a downwardcoarsening sedimentary sequence related to deposition of a fan of coarse sand on the bottom of the lake basin, derived from meltwater flow from the mouth of a tunnel or from cracks in stagnant ice blocks sitting and melting on the lake bottom (Rust and Romanelli, 1975; Boothroyd and McCandless, 2003) . Lacustrine fans of similar size and position mapped in the Long Island Sound (Stone and others, 2005) and glacial Lake Stellwagen (Stone and others, 2015) basins contain similar sediment types in coarse-grained proximal heads and fine-grained distal tails. The 33 ft of relatively well-sorted sand in Unit 10 may record a few seasons of meltwater flow contained by indistinct boundaries or a single season of sedimentation. These coarse-grained deposits were succeeded by the lake-bottom beds of Unit 8, which record at least 10 sandy depositional events. Unit 8 is likely related to sites of ice marginal meltwater sedimentation nearby or strong lake-bottom currents that spread out across the aggrading lake plain. It is likely that many local ice-contact lacustrine fans and toppled deltas exist near the ice-contact deposits of Nantucket Sound, and these coarse basal sequences may underlie large parts of the Mashpee pitted plain.
The compacted layer of nonsorted fine sand, silt, granular pebble, and trace clay deposits above bedrock (Unit 11) is correlated with the late Wisconsinan basal till found in the moraines (Oldale and Barlow, 1986 ) and similar basal till on bedrock in many deep drill holes (Masterson and others, 1997a) in western Cape Cod. The fresh appearance and sandy and silty matrix of this compacted layer contrasts with the very compacted clayey silt matrix, few pebbles, and weathering features of the older Illinoisan tills found in drumlins in the region (Weddle and others, 1989) and in moraine deposits on Nantucket Island (Oldale and Eskenasy, 1983) .
Hydrogeological Characterization of the Study Area
The sediment cores and geophysical data collected at site F750 provided detailed information about the hydrogeologic properties of the aquifer near the southern coast of western Cape Cod. The freshwater/saltwater interface and the thickness and water-transmitting properties of the unconsolidated sediment at site F750 are described in this section, and the hydrogeologic characteristics at site F750 are compared with existing conceptual models of the hydrogeology of the southern coast of western Cape Cod.
Hydraulic Conductivity and Transmissivity From Grain-Size Distribution
Grain-size distribution data from cored material were used to estimate the hydraulic conductivity for each lithostratigraphic unit and identify three major water-transmitting zones in the aquifer (table 2) . Grain-size distribution data for each sediment sample are reported in Hull and Stone (2019) . Units 1 and 2 (0-107 ft) compose a zone of relatively high permeability, referred to in this report as the "shallow high-permeability zone." The grain-size hydraulic conductivity (K grain-size ) estimates in Units 1 and 2 ranged from 17 to 420 ft/d; of the five samples collected, four had K grain-size estimates >100 ft/d. The unsaturated zone above the water table in Unit 1 is about 30 ft thick; therefore, approximately 77 ft of the shallow high-permeability zone has the capacity to transmit water under a hydraulic gradient.
A zone of relatively low permeability is composed of Units 3 to 7 (107-175 ft), referred to in this report as the "low-permeability zone." K grain-size estimates of the silty very fine sand most characteristic of this depth interval range from 0.62 to 4.0 ft/d; overall, K grain-size ranges from 0.002 to 16 ft/d. The five orders of magnitude variation in K grain-size suggest that thin clay layers (for example, those at 107 and 147 ft) may exert a considerable influence on vertical groundwater flow in this interval.
Units 8 to 10 (175-300 ft) form a deep zone of moderate to high permeability, referred to in this report as the "deep high-permeability zone." Sediment permeability in the deep zone is lower and more variable than in the shallow highpermeability zone. In Unit 8 (175-254 ft), wide variations in lithology are reflected by six orders of magnitude of variation in K grain-size , ranging from 0.0015 to 140 ft/d. The coarse sand of Unit 10 (267-300 ft) has an average K grain-size of 160 ft/d.
The estimates of K grain-size can be used to estimate the contributions of the three zones to total aquifer transmissivity (table 2), which is defined as the product of saturated thickness and hydraulic conductivity (Heath, 1983) . The saturated part of the shallow high-permeability zone (30-107 ft) accounts for about half of the water-transmitting capacity of the unconsolidated sediments. Horizontal transport of water through the low-permeability zone (107-175 ft) is likely small compared with transport though the shallow high-permeability zone. The deep high-permeability zone (175-300 ft) contributes substantially to the capacity of the aquifer to transmit groundwater; these sandy deposits are in the saline part of the aquifer (discussed later in the report).
Hydraulic conductivity estimates for a given grainsize distribution made by using the different empirical and semi-empirical methods were generally high together or low together, but the degree of agreement varied owing to the estimations inherent in the methods. The results of each analysis are reported in Hull and Stone (2019) . The limitations of hydraulic conductivity estimates from grain-size distribution data are discussed in the "Borehole Nuclear Magnetic Resonance" results section of this report.
Borehole and Surface Geophysical Techniques to Improve Understanding of Local Hydrogeologic Conditions
Results from the passive seismic, TEM, EMI, natural gamma, and NMR surveys are described in this section. The ways in which the geophysical analyses can be combined with the lithostratigraphic analyses to improve understanding of the local hydrogeology are also discussed.
Surface Horizontal-to-Vertical Spectral Ratio Seismics
The HVSR passive seismic data collected on August 23, 2015, were interpreted to determine the depth to bedrock and unconsolidated aquifer thickness by using the Cape Cod HVSR regression developed by Fairchild and others (2013) . The overburden thickness (Z) in meters was computed as follows:
where C is a constant which was set to 90.5, f 0 is the resonance frequency, and a is an exponent that controls the slope of the regression line (straight line on a log-log plot). A power law with an exponent of a = -1 indicates a shear-wave velocity (V s ) that is uniform with depth. For Cape Cod, the local unit-dependent regression equation was Z = 90.5 f 0 -1.0 , with a uniform V s of 362 meters per second, which is 1,188 ft/s (Johnson and Lane, 2016) . For the HVSR measurement made at the baseball field at the East Falmouth Elementary School, the passive method identified a peak f 0 at 1.06 ±0.01 Hz, which relates to a depth to bedrock of 289 ft. The HVSR estimate was within 5 percent of the actual depth observed during the drilling (305 ft). The separation distance between the well and the HVSR measurement location of 100 ft may also explain some of the difference.
Surface Transient Electromagnetics
The TEM data were used to estimate the depths to the top of the saline-water zone and the bedrock surface (fig. 3) . The layered TEM resistivity model ( fig. 3A) delineated distinct boundaries at two depths: the first between freshwater and saline water at 161 ft, and the second at the top of the bedrock at 302 ft. The bulk electrical conductivity from 161 to 302 ft was about 950-900 mS/m (or 1-2 ohm-meters), which is consistent with sediments saturated with saline water (Sharma, 1997) . The smooth TEM model ( fig. 3B ) delineated a freshwater to saline-water transition zone between 98 and 161 ft, characterized by a change from low conductivity (10 mS/m) to high conductivity (700 mS/m). The conductivity values and depths of the transition zone, saline-water zone, and bedrock are consistent with the values from the borehole EMI log. By using the methods of Christiansen and Auken (2012) , the total depth of investigation of the TEM method was computed to be about 340 ft.
Borehole Electromagnetic Induction
The borehole EMI log provides a continuous profile of changes in apparent electrical conductivity for comparison with results from TEM and pore-water sampling during drilling. The EMI log identifies the combined influence of geology and pore-water salinity, the effects of which can be isolated when the log is evaluated in combination with the other geophysical and lithologic logs. At shallow depths (5-100 ft), the EMI apparent conductivity was approximately 15 mS/m. At depths of 100 to 164 ft, the EMI apparent conductivity transitioned to greater values, which most likely indicates a gradual change in fluid conductivity from freshwater to saline water. The hypothesis that saline formation water, and not clay-and silt-rich sediment, caused the increase in EMI conductivity is supported by measurements of pore-water conductivity made in the field during drilling. The EMI and pore-water salinity measurements gradually increased over the same depth interval. Below 164 ft, the EMI apparent conductivity was consistently about 850 mS/m, which likely indicates saline water in the unconsolidated sediments. The EMI apparent conductivity decreased slightly in the bedrock to about 450 mS/m, the result of lower porosity and water content than in the unconsolidated sediments.
The borehole EMI log shows the same trend as the TEM 20-layer smooth model inversion ( fig. 3B ) over the entire length of the borehole. At shallow depths (0-82 ft), the EMI apparent conductivity was about 15 mS/m, which is greater than the conductivity determined in the TEM survey (about 2.5 mS/m). The borehole EMI conductivity is more accurate at shallow depths because the TEM survey is relatively insensitive to materials very near to land surface. From about 100 to 165 ft, through the transition from fresh to saline groundwater, and in the saline groundwater zone, the EMI and TEM smooth-model layers yield similar conductivity values. The EMI log indicated a decrease in conductivity (corresponding to an increase in resistivity) at 302 ft, which coincides with the top of the bedrock. The TEM models also showed a decrease in conductivity at 302 ft. Both methods accurately identify the depth of the sediment/bedrock interface, but the conductivity values differ in magnitude. The bulk electrical conductivity of the bedrock (about 450 mS/m) is more accurately measured by the EMI log, which has a higher resolution and smaller volume of measurement than the TEM survey.
Borehole Natural Gamma Radiation
The gamma log identifies silt-and clay-rich layers that can affect vertical transport of groundwater; some of these layers were deformed or missing from the cored material. The borehole gamma log ( fig. 3C) shows the counts per second of gamma emissions as a function of depth. Zones with the highest gamma counts are most notable at depths from 105 to 195 ft, at about 220 ft, from 255 to 265 ft, and from 295 to 305 ft; these zones are likely characterized by fine-grained materials. The logs also show zones of mostly lower gamma counts at 5 to 105 ft, 195 to 255 ft, and 265 to 295 ft, which is consistent with core observations of sand deposits with fewer fine-grained sediments. Intermittent gamma spikes from 195 to 255 ft suggest that this is a zone of mixed (fine-and coarsegrained) sediment. In general, the natural gamma log confirmed the presence and thickness of clay-and silt-rich layers identified by lithostratigraphic observations. An analysis of the logs showed an inverse relation between the visually observed mode grain size and maximum gamma intensity for 81 depth intervals (fig. 5) . The vertical clustering of data points is an artifact of the Wentworth (1922) phi scale categories used for the visual grain-size observations. Low gamma counts from land surface to 105 ft ( fig. 3) are associated with medium to coarse sand (Units 1 and 2) . The sustained high gamma intensity from 105 to 195 ft corresponds to Units 3 to 7 (107-175 ft) and the upper part of Unit 8 (175 to about 200 ft), a zone of interlaminated silty very fine sand and fine sand, and silt-and clay-rich features. The abrupt increase in gamma intensity at 105 ft corresponds with the clay-and silt-rich Unit 3 observed in the cores at 107 ft; the gamma log suggests that several feet of Unit 3 may not have been recovered by coring. From 195 to 295 ft, gamma intensity is generally low, which is consistent with observations of primarily sand (Units 8 and 10) from 175 to 254 ft and 267 to 300 ft. The generally low gamma values are interrupted by several gamma spikes that are strongly associated with one large (Unit 9, 254-267 ft) and several thin (1-to 3-ft-thick) beds of clay, silt, and fine sand. Gamma spikes match closely with observations of fine material over this depth interval (fig. 4) . Gamma results confirm that Unit 11, the compacted, nonsorted fine sand, silt, granular pebble, and trace clay layer starting at 300 ft, extends to bedrock at 305 ft, although only 0.2 ft of this unit was recovered from the cored interval.
Borehole Nuclear Magnetic Resonance
The NMR log ( fig. 6 ) provides a continuous profile of hydraulic properties that otherwise could only be estimated from discrete samples of cored material. The T 2 decay is shown as a color amplitude plot ( fig. 6A ; the x-axis is the relaxation time of the T 2 decay in units of log seconds). The amplitude of the water content is shown for each depth as a function of color, with the warm colors (red) indicating high amplitude and cool colors (blue) indicating low amplitude. High amplitudes on the left side of the T 2 decay plot indicate water in small pore spaces, such as those in silt and clay. High amplitudes on the right side of the T 2 decay plot indicate water in large pore spaces. The pore-size distribution plot ( fig. 6B ) depicts decay with relaxation time on the x-axis and the volume of the pore sizes as the area under the curve. The total area under the curve reflects the total water content. The part of the distribution to the left of the T 2 cutoff (vertical blue line) indicates the immobile fraction of water, and the part of the distribution to the right of the T 2 cutoff line indicates the mobile fraction. The total water content and immobile fractions of water content are shown as lines in figure 6C .
The NMR results are consistent with the natural gamma radiation and EMI results. The NMR T 2 -decay log shows the contact between sand and fine material at 105 ft. Above 105 ft, the NMR results are characterized by long relaxation times and high proportions of mobile water. Gamma counts in the same interval are low, indicating coarse-grained sediments as one would expect where the mobile water content is relatively high (fig. 3 ). In contrast, at depths of 105 to 205 ft, 250 to 265 ft, and 295 to 300 ft, the NMR results are characterized by early time decay in the T 2 -decay plot and low proportions of mobile water. These same zones are characterized by high gamma counts. The logs also show zones of both low gamma counts and high proportions of mobile water at depths of 205 to 250 ft and 265 to 295 ft where sand was observed in the cores. NMR results indicate that total porosity, equivalent to the total water content, ranges from 0.19 to 0.42 over the length of the borehole, with an average of 0.33. These porosity values are similar to those reported elsewhere on Cape Cod (LeBlanc, 1984; Garabedian and others, 1991 Masterson and others (1997b) , Moench and others (2001) , and Walter and Whealan (2005) . Estimates of hydraulic conductivity from the unsaturated zone (<30-ft depth) are not discussed because the SOE and SDR methods require some estimate of saturation, which was not made for this report.
Comparison of hydraulic conductivity estimates from the two equations shows that estimates from the SDR equation are more subject to variations caused by noise in the mean log T 2 decay value than estimates from the SOE equation. Although the SOE equation is less sensitive to noise, the SDR equation is better able to show small variations in hydraulic conductivity caused by fine materials as reflected in the early-time T 2 decay. The estimates from the SOE and SDR methods show similar trends of low and high hydraulic conductivity ( fig. 7) , although the magnitude of the values at given depths differs by as much as a factor of four.
The vertical trends shown by the estimates of hydraulic conductivity from NMR are similar to those for the K grain-size estimates , but with some important differences ( fig. 8) . K grain-size estimates for sediments from above the water table are not shown because the K sdr and K soe methods are only valid for saturated conditions. In addition, the values near bedrock are not shown in the scatterplots because they are affected by the low water content in the clay-rich layer above the bedrock.
The K soe and K grain-size estimates are consistently lower than the K sdr estimates for medium to coarse sand. Values for K sdr exceed 1,000 ft/d in parts of the interval between 73 ft and 103 ft ( fig. 7) . The K soe and K grain-size estimates are consistent with previously reported hydraulic conductivity values for shallow glaciofluvial deposits on western Cape Cod ranging from 150 to 350 ft/d (Masterson and others, 1997b) .
The apparent K sdr and K soe estimates are consistently higher than the apparent K grain-size estimates in low-permeability sediments. K sdr and K soe estimates of 20 to 80 ft/d correspond to K grain-size estimates of <10 ft/d (fig. 8) . The K soe and K sdr estimates are consistent with previously reported hydraulic conductivity values of 10 to 70 ft/day for Cape Cod bottomset and glaciolacustrine deposits (Walter and Whealan, 2005) .
The low K grain-size estimates for fine-grained sediment may result from several factors. For thin, discrete beds of low-permeability material, the NMR method integrates into its measurement the instrument response to adjacent coarse-grained material, which biases the apparent hydraulic conductivity for the feature toward a higher value. However, this explanation may not apply to continuous sequences of silty very fine sand with low permeability (for example, at depths of 107-175 ft), where K grain-size estimates are still an order of magnitude lower than estimates of K soe and K sdr . Several factors could cause this discrepancy:
• Equations used to estimate hydraulic conductivity from grain-size distribution were typically developed for moderately graded fine to coarse sand (Vukovic and Soro, 1992; Devlin, 2015) . Many methods do not strictly apply to silty very fine sand and fine sand (Devlin, 2015) . For example, the simplified Hazen approximation (Freeze and Cherry, 1979 ) is designed for uniformly graded sand with a 10th percentile grain size larger than very fine sand (0.1 millimeter). Fourteen of the 26 samples analyzed in this study do not meet this criterion.
• Sample-scale heterogeneity, caused by small amounts of fine material in a generally more permeable matrix, bias K grain-size estimates to lower values than estimates from methods that sample a larger effective volume of aquifer, such as slug tests (Vienken and Dietrich, 2011) , aquifer tests (Masterson and others, 1997a) , and NMR logging. Hydraulic conductivity, in feet per day Figure 7 . Profiles of hydraulic conductivity estimated from nuclear magnetic resonance (NMR) logs from well MA-FSW 750-0100 in East Falmouth, Massachusetts, by using the Schlumberger-Doll research (SDR) and sum of echoes (SOE) equations and from grain-size distributions of core samples from selected vertical intervals. The thickness of the horizontal blue bars indicates depth interval over which sediment samples for grain-size analysis were composited. NMR profiles are smoothed results obtained by vertically averaging the hydraulic conductivity data for each measurement depth with the data from the measurements above and below each depth. The estimates of hydraulic conductivity from NMR show a shallow zone (30-105 ft) that is permeable sand and gravel with an average K soe of about 260 ft/d, with some zones of lower and higher hydraulic conductivity. This interval corresponds with the shallow high-permeability zone identified through direct observation of cored material. The fine-grained interlayered fine sands, silt, and clay from 105 to 205 ft are probably more permeable than suggested by the grain-size data, with an average K soe of about 56 ft/d, although intermittent silt and clay layers may impart a lower vertical hydraulic conductivity to this zone. This interval corresponds primarily with the low-permeability zone identified through direct observation of cored material. The more permeable coarsegrained sediments from 205 to 250 ft and 265 to 295 ft have a higher hydraulic conductivity than the overlying lowhydraulic conductivity zone, with averages of K soe of 110 and 140 ft/d, respectively . This interval corresponds with the deep high-permeability zone identified through direct observation of cored material. Estimates of hydraulic conductivity from NMR compare best with the estimates of hydraulic conductivity from aquifer tests completed in Cape Cod glacial sediment (Walter and Whealan, 2005) .
Implications of Observations From Boring to Bedrock for Understanding Local Hydrogeologic Conditions
The lithostratigraphic, geophysical, and hydrogeologic observations made at site F750 generally fit the previously developed hydrogeologic framework of western Cape Cod (Masterson and others, 1997a, b; Walter and Whealan, 2005) . The main insights from the analysis reported here include that (1) the sharp contact between coarse-and fine-grained sediment at 107 ft may limit the vertical flow of groundwater at site F750; (2) the shallower than expected freshwater/saltwater interface at site F750 may be evidence that the streams and headwaters of the embayments capture much of the regional seaward fresh groundwater flow; and (3) the coarse-grained sediments observed from 175 to 300 ft may be evidence that deep, high-permeability sediments have a greater subsurface extent along the southern coast of western Cape Cod than previously thought. The three insights are discussed further in this section.
Shallow coarse-grained sediments (0-107 ft) underlain by fine-grained sediments (107-175 ft) form a zone that is highly permeable to groundwater flow that is underlain by a zone of low permeability. The sharp transition between high-and low-permeability sediment observed at 107 ft likely impedes vertical flow of water between the two zones. In the Ashumet Valley to the north ( fig. 2) , a similar sharp transition between more and less permeable sediments limits deep groundwater flow into the less permeable sediments (Masterson and others, 1997b ) and acts as a stratigraphic control on contaminant transport (Masterson and others, 1997b; Mulligan and Uchupi, 2003) . This transition likely extends from the area near the Ashumet Valley to the southern coast of western Cape Cod.
The thin clay-rich layer (Unit 3) between the high-permeability zone (Units 1 and 2) and the low-permeability zone (Units 4 to 7) may further impede vertical flow between the two zones. The clay-rich layer resembles deposits observed at similar altitudes to the north and west of site F750 (Masterson and others, 1997b; Uchupi and Mulligan, 2006) . The lateral extent and continuity of the thin clay-rich layer are unknown.
The clay-rich layer at 107 ft marks the top of a thick transition from fresh to saline groundwater. The regional groundwater model of Walter and others (2016) indicated that freshwater could be present to bedrock at this location. EMI and TEM logs show that bulk electrical conductivity gradually increases over the interval from approximately 105 to 160 ft. Although the increased presence of silt and clay below 107 ft may contribute to the increase in electrical conductivity, the increase is probably caused mostly by an increase in pore-water salinity. Fresh groundwater at site F750 is therefore limited to approximately 75 ft of saturated coarse-grained material (the unsaturated zone is approximately 30 ft thick).
The relatively shallow depth to the freshwater/saltwater interface and the large thickness of the transition zone may be due to aquifer heterogeneity ( fig. 3 ) and the location of the site at the landward ends of the coastal saltwater embayments near outlets of small streams ( figs. 1 and 2) . Much of the regional groundwater flow from inland areas to the coast may discharge to the inland ends of the saltwater embayment and small streams that drain into the embayments. The remaining fresh groundwater may flow toward the coast in the upper permeable zone (0 to 107 ft), which accounts for more than half of the transmissivity of the unconsolidated sediments (table 2). The low-permeability layer at 107 ft and the underlying fine-grained sediments may increase the focusing of freshwater flow in the upper unit. These factors could result in a freshwater/saltwater interface that rises steeply upward near the inland ends of the coastal embayments. The apparent discrepancy between the simulated and observed depths to saline groundwater could be attributed to applying a regional-scale modeling analysis to a locally complex condition because the predicted position of the interface is sensitive to small changes in simulated aquifer characteristics and the groundwater/ surface-water boundary at the coast.
The thick transition zone between fresh and saline groundwater could also be caused in part by aquifer heterogeneity. Hydraulic conductivity varies by four to five orders of magnitude in the low-permeability zone (table 2), which likely results in the high anisotropy of the bulk hydraulic conductivity of the aquifer. Thick freshwater/saltwater interfaces reported in Abarca Cameo (2006) , Abdoulhalik and Ahmed (2017) , and Houben and others (2017) have been attributed to aquifer heterogeneity. The interbedded zones of silty very fine sand and fine sand below a depth of 107 ft, combined with the possible diversion of most freshwater flow through the upper permeable zone and small streams that receive groundwater discharge in the area, could result in a thick transition zone; however, further exploration of this hypothesis by using groundwater models was beyond the scope of this study.
The fine to coarse sand from 175 to 300 ft forms a deep moderate-to high-permeability zone. The coarse sand at depth contains saline water and is separated from shallow freshwater by the low-permeability zone from 107 to 175 ft. Similar deposits have been observed in the subsurface to the east, south, and north of the F750 study site (Cambareri and Eichner, 1998; Uchupi and Mulligan, 2006) and at the surface as the Falmouth Heights and Nantucket Sound icecontact deposits ( fig. 2 ). If these coarse-grained units are stratigraphically related, they could represent a large feature that affects the movement of fresh and saline groundwater near the coast. However, if no stratigraphic connection exists between these coarse-grained deposits, the effect of the deep moderate-to high-permeability zone at site F750 on fresh groundwater flow near the southern coast of Cape Cod may not be substantial. Regional models have shown that coarse-grained features in the subsurface in the regions of the Falmouth Heights and Nantucket Sound ice-contact deposits influence groundwater flow near the coast (Masterson and others, 1997b; Walter and Whealan, 2005; Walter and others, 2016) ; future modeling efforts should benefit from considering that the subsurface extent of these deposits may be greater than previously thought.
The inferences about local hydrogeologic conditions made from the sediment coring and geophysical logging at site F750 are limited by the lack of similarly detailed study of the geology elsewhere on the southern coast of western Cape Cod. This uncertainty could be reduced by drilling additional deep borings near the coast.
Summary
In spring 2016, a boring was drilled to bedrock at site MA-FSW 750 (referred to as "site F750") on the coastal peninsula of Davis Neck in East Falmouth, Massachusetts, to increase understanding of the hydrogeology of the southern coast of western Cape Cod, where few similar deep borings exist. Detailed lithostratigraphic, geophysical, and hydrogeologic observations were made during drilling of the boring and subsequent testing in and near the 310-foot (ft)-deep well installed in the boring (well F750-0100). Observations from sediment cores and surface and borehole geophysical measurements were used to delineate three zones relevant to understanding groundwater flow and glacial history at the study location.
Shallow sands and gravels (0-107 ft) form a zone of relatively highly permeable material conducive to groundwater flow. This shallow high-permeability zone is interpreted to be deltaic topset and foreset beds also present elsewhere on western Cape Cod. Electromagnetic induction and transient electromagnetic geophysical logs show that the groundwater in this part of the aquifer is fresh, whereas groundwater in underlying parts of the aquifer is brackish or saline. Taking into consideration that the unsaturated zone at site F750 is about 30 ft thick, approximately 75 ft of this shallow material accounts for most of the water-transmitting capacity and nearly all the freshwater in the unconsolidated sediments.
Silt-rich fine and very fine sand below the shallow sand and gravel layer, at 107 to 175 ft, forms a low-permeability zone. A thin (1-ft-thick) silt-and clay-rich layer separates the more and less permeable zones at site F750. If areally extensive, this layer could limit vertical flow of groundwater between the more and less permeable zones and impart a higher bulk anisotropy to this part of the Cape Cod aquifer than previously thought. The clay-rich layer at 107 ft also marks the top of an unexpectedly shallow and thick transition zone from fresh to saline groundwater between approximately 105 and 160 ft. These deposits are interpreted to be deltaic bottomset beds and lake-bottom sediments also present elsewhere on western Cape Cod.
Fine to coarse sand from 175 to 300 ft forms a deep zone of moderate to high permeability conducive to groundwater flow. This deep high-permeability zone is located well below the water table and the shallow freshwater, so its influence on the flow of fresh groundwater near the coast may be small. These deposits are interpreted to predate deposition of deltaic and lacustrine sediments across Cape Cod and are interpreted to represent lacustrine fan sediments that may be related to nearby ice-contact deposits. A compacted, nonsorted fine sand, silt, granular pebble, and trace clay layer interpreted as Wisconsinan basal till was encountered at 300 ft, and the top of competent, crystalline basement was encountered at 305 ft.
Shallow sediments (shallower than 175 ft) closely resemble the downward fining post-Wisconsinan deltaic and lacustrine deposits found in many parts of western Cape Cod; deep coarse sediments (at depths below 175 ft) appear to be the product of earlier depositional processes local to the southern coast of western Cape Cod. This report adds to growing evidence that the depositional environments and lithostratigraphy of the southern coast of western Cape Cod are more complicated than those of inland settings on western Cape Cod. All current interpretations are accompanied by uncertainty because of the paucity of lithological and hydrogeological observations nearby. This uncertainty could be reduced by drilling additional deep borings near the coast. This study highlights how integrating high-resolution observations of cored material with a multitool geophysical approach can characterize a single boring to improve understanding of regional glacial history and hydrogeology.
